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The work presents experimental results of precision magnetoresistance ∆ρ(H,T)
measurements obtained for canonical heavy fermion compounds CeAl2, CeAl3, CeCu6 and
substitutional solid solutions CeCu6-xAux (x=0.1 and 0.2) and Ce(Al0.95M0.05)2 (M - Co, Ni).
The research was performed in a wide range of temperatures (1.8-30K) and magnetic fields (up
to 80 kOe). The data analysis indicates that the most consistent interpretation of
magnetoresistance of both paramagnetic and magnetically ordered Ce-based systems with
strong electron correlations can be obtained through the approach developed by K.Yosida
(Phys.Rev., 107, 396(1957)) that considers charge carrier scattering on localized magnetic
moments in metallic matrix. Within this approach local magnetic susceptibility
χloc(H,T0)≡(1/H⋅d(∆ρ/ρ)/dH)1/2 has been estimated directly from the magnetoresistance data
∆ρ/ρ=f(H,T0). As a result, two additional contributions to magnetoresistance in Ce-based
magnetic intermetallides have been established and classified. The procedure allowed to
determine the peculiarities of magnetic phase Н-Т diagram as well as to reveal the electron
2density of states’ renormalization effects in a wide vicinity of quantum critical point in the
archetypal Ce-based systems with strong electron correlations.
PACS: 71.27.+a  
31. Cerium based intermetallides are demonstrative examples of systems with strong electron
correlations. These metallic heavy fermion compounds are characterized by a number of low-
temperature anomalies in thermodynamic and transport characteristics. The features that may be
especially singled out among them are (i) a significant Hall coefficient increase unusual to metallic
systems [1, 2] and (ii) an abrupt decrease of resistivity in magnetic field [2].
The mechanism of large negative magnetoresistance (NM), observed in heavy fermion
compounds at low temperatures, is commonly related to a suppression of the spin-flip scattering of
conduction electrons on localized magnetic moments (LMM) of Ce3+-ions with magnetic field. The NM
effect is evidently established for the whole number of cerium intermetallides: so-called concentrated
Kondo-systems  with huge values of charge carrier mass (CeCu6 [3], CeAl3 [4]; m*∼200÷500m0 [5], m0-
free electron mass), magnetic Kondo-lattices (CeAl2 [2,6,7], CeB6 [8], CePb3 [9]), Kondo-insulators
(Ce3Bi4Pt3 [10], CeNiSn [11]) and other compounds. An abrupt change of NM amplitude, which
observed at metamagnetic transition in cerium compounds, is widely used in plotting of magnetic phase
diagrams [2,12-13]. Thus the concordant, “correlated” behavior of magnetization and magnetoresistance
in these strongly correlated electron systems (SCES) is commonly accepted. However, it is well known
from the literature on this issue that there is a lack of the detailed quantitative analysis of NM effect in
conductors in concentrated limit corresponding to the existence of Ce LMM in every unit cell of crystal
lattice. 
In this connection, the aim of the study was to perform precision measurements of
magnetoresistance and to carry out the quantitative analysis of experimental results for cerium-based
archetypal heavy fermion compounds and their substitutional solid solutions CeAl3, CeCu6-xAux (x=0,
0.1, 0.2), Ce(Al1-xMx)2 (x=0, 0.05, M=Co,Ni). Thus, the magnetoresistance was measured in the vicinity
of quantum critical point (for CeCu5.9Au0.1 and CeCu5.8Au0.2 intermetallides [14-15]) as well as in heavy
fermion regime (for canonical magnetic CeAl2 and non-magnetic CeCu6 and CeAl3 systems). The
undertaken investigation involved  CeAl2 and it’s substitutional solid solutions Ce(Al0.95Co0.05)2 and
Ce(Al0.95Ni0.05)2 to investigate the role of substitution disorder and  doping effects of transition metal
impurities (Co, Ni) on NM characteristics of cerium intermetallides.
2. The polycrystalline samples of the Ce-based intermetallic compounds were synthesized from
stoichiometric quantities of high purity components in an electric arc furnace with a non-consumable
4tungsten crucible on copper water-cooled cold finger under a high purity helium atmosphere. The
composition homogeneity was attained in the bulk materials by a repeated arc melting of the starting
components in the stoichiometric ratio with subsequent annealing in evacuated quartz tubes. The
samples’ characterization methods (room temperature X-ray powder diffraction and electron
microscopy) have been applied to control single-phase state of these compounds.
The measurements of transverse (I⊥H) magnetoresistance ∆ρ(T,H) of the above mentioned
cerium intermetallides were performed using the dc-four-probe method in a wide range of temperatures
1.8-40К in magnetic fields up to 70 kOe. Two-channel nanovoltmeters Keithley 2182, included to the
experimental setup similar to that one described in [16], were used for precision measurements of
nanovolt level voltage from potential contacts to the sample. The required temperature stabilization
accuracy (about 0.01K) of the measurement cell with the sample was achieved with the help of an
original domestic temperature controller based on digital signal processors and standard resistance
thermometer CERNOX 1050. 
3. The resistivity temperature dependencies for intermetallides under investigation are shown in
Fig.1. These ρ(T) curves are in good consistence with the data previously obtained for CeAl2 [2,6,7,16],
CeCu6 [3,17] and CeAl3 [4,18] compounds. The features of the resistivity dependencies observed for
aluminates CeAl2  and CeAl3 at temperatures near T~100К and T~40К, respectively, are usually
associated with inelastic Kondo-scattering of conduction electrons on the LMM of excited levels of
Ce3+ 2F5/2-state [2-4, 6-7, 16-18]. It is commonly believed, that the low-temperature maximum in ρ(Т)
dependencies of Ce-based  heavy fermion compounds (Fig.1a and inset b in Fig.1b) results from the
crossover in scattering character of charge carriers from the spin-flip Kondo-scattering, which leads to
LMM compensation on Ce-centers, to the coherent regime that realizes at low temperatures in dense
Kondo-systems. As shown in Fig.1, the low temperature maximum of resistivity on ρ(Т) curves is
observed in 2÷20К range for all heavy fermion compounds under investigation. In the special case of
non-magnetic SCES CeAl3 the low temperature maximum demonstrates a significantly lower amplitude
in comparison with the aforementioned feature on ρ(Т) curve in the vicinity of T~40К.
The substitution of aluminium with nickel and cobalt in Ce(Al1-xMx)2 system at х=0.05, and
copper with gold in solid solutions CeCu6-xAux at x=0.1 and x=0.2 induces the noticeable resistivity
5increase (see Fig.1a and 1b). Simultaneously, the features on ρ(Т) dependency are blurring out with the
advent of a substitutional disorder, and transition to coherent regime is suppressing. Note also that for
CeAl2 sample a kink connected with a transition to magnetically ordered (antiferromagnetic modulated,
AFM ) state is observed in the vicinity of the low temperature maximum on ρ(Т) curve at TN≈3.85К
(inset b in Fig.1b, curve 2).
Furthermore, for all investigated Ce-based heavy fermion compounds the measurements of
magnetoresistance have been carried out at fixed temperatures in the range 1.8-30К. Typical
dependencies of ∆ρ(H,T0)/ρ0= (ρ(H,T0)–ρ(0,T0))/ρ(0,T0) measured for two non-magnetic heavy fermion
compounds CeCu6 and CeAl3 in magnetic fields up to 70 kOe are presented in Figs. 2a and 2b.
Magnetoresistance curves for CeCu6-xAux (x=0.1, 0.2) intermetallides that also stay in paramagnetic
state at T≥1.8K are basically similar to these ones presented in Fig.2. For these substitutional solid
solutions the magnitude of NM effect in employed magnetic fields varies up to 13% (х=0.1) and 20%
(х=0.2) respectively. Thus, the observed differences of ∆ρ(Н,Т0)/ρ0 dependencies for CeCu6-xAux
samples from the data in Fig.2 can be described only in terms of quantitative changes in NM amplitude.
Along with keeping the common trends of ∆ρ(Н,Т0)/ρ0 curves presented in Fig.2, some
significant differences in magnetoresistance behavior can be mentioned for magnetic intermetallides
CeAl2 (Fig.3), Ce(Al0.95Co0.05)2 (Fig.4a) and Ce(Al0.95Ni0.05)2 (Fig.4b) in the wide vicinity of magnetic
phase transitions (see Fig.3b and insets in Fig.3-4). As shown in Figs.3-4, the NM effect reaching ∼65%
in CeAl2 compound in magnetic fields up to 70 kOe and drops out to ∼20% values in the case of
aluminum substituted with cobalt and nickel in
Ce(Al0.95M0.05)2 (M=Co, Ni). The most significant feature on ∆ρ(Н,Т0)/ρ0  curves for CeAl2 is the abrupt
resistivity change in the vicinity of transition from antiferromagnetic (T<TN≈3.85К) to paramagnetic
phase (T>TN(H)) (Fig.3b, see also [2,6-7,20-21]). In addition, positive magnetoresistance maxima for
CeAl2 (inset in Fig.3b Т ≤ 3.5К) and Ce(Al0.95Co0.05)2 (inset in Fig.4а, Т ≤ 4К) compounds are observed
in field dependencies ∆ρ(Н,Т0)/ρ0  in small enough magnetic fields Н<20 kOe . The above features of
low-temperature magnetoresistance seem to be connected with a rearrangement of complex magnetic-
ordered state in Ce(Al1-xMx)2 compounds with Laves-phase structure. Thus, these anomalies can be also
used in the analysis of both magnetic H-T phase diagram and electronic states in these intermetallides.
6The comparative quantitative analysis of contributions to the magnetoresistance for Ce-based heavy
fermion compounds under investigation is presented in the next section.
4. Among various theoretical approaches applied to the interpretation of magnetoresistance
anomalies in Ce-based intermetallides Kondo-impurity and Kondo-lattice models are preferred in most
cases [22-27]. According to Zlatic calculations [22], a maximum of NM temperature dependence for
CeAl3 is connected with the Kondo temperature TK through the relation TminNM ≈ TK/2, whereas the
transition of ∆ρ/ρ=f(T) from negative to positive should be observed at lower temperature Tinv≈TK/2π. In
[23] the magnitude of NM effect for compounds with heavy fermions CeAl2, CeB6, CeAl3 and CeCu2Si2
was calculated within the approach considering both Kondo-effect and crystal field splitting of Ce3+
2F5/2-state. The nature of metamagnetic transition in SCES was analyzed within Kondo-lattice model in
[24-25]. Additionally, the magnetoresistance effect connected with the metamagnetic transition was also
estimated for CeRu2Si2 compound in [25]. Authors of [26-27] also used an approach which allows the
suppression of Ce3+ LMM Kondo-compensation mechanism when appears a local magnetization
varying along the chains of Ce3+ LMM at temperatures below TN in the matrix of CeCu6-xAux
compounds with x≥0.5.
The aforementioned and other rare examples of analysis of the low-temperature
magnetoresistance anomalies in cerium intermetallides are based on Kondo effect. The mechanism of
the Kondo-compensation or the screening of Ce LMM through the spin-flip scattering of conduction
electrons is accompanied by an emergence of many-body resonance in the electron density of states on
the Fermi level EF. Indeed, this interpretation can be considered as one of the available scenario of the
appearance of heavy fermions in these compounds with strong electron correlations. However, this
mechanism becomes inappropriate for explaining the origin and the features of nanosized magnetic
regions, which were found in cerium intermetallides’ matrix by various experimental methods at low
temperatures (see, e.g., [28]).
An example of another approach to the interpretation of magnetoresistance anomalies in Ce-
based systems can be found in [29] where the study of transport properties was performed both for
paramagnetic and ferromagnetic phases of CeRu2Ge2. To explain the ∆ρ/ρ  anomalies in CeRu2Ge2 the
authors of [29] used the  model of electron-magnon scattering. However, the approach applied in [29]
7explains neither the NM effect observed near Curie temperature nor the complex behavior with the
inversion of ∆ρ/ρ sign in a wide temperature interval around the transition into ferromagnetic state.
In our point of view, one of the simpliest, relatively long time known and widely applied
approaches to the description of NM effect in conductors with embedded localized magnetic moments is
the model proposed by K. Yosida in [19]. It was shown in [19] on the basis of calculations within s-d
exchange model that conduction electron scattering on LMM leads to a rather large contribution to
resistivity which is suppressed by external magnetic field. As a result, the NM effect proves to be
proportional to squared local magnetization [19]
-∆ρ/ρ= 0.61〈M〉2/S2=β Μloc2 (1) 
and can be rewritten in a common case of several contributions to Μloc as
-∆ρ/ρ= (ΣβΜloc)2 (1а).
For small enough magnetic fields, the relation (1) can be simplified as
-∆ρ/ρ=β χloc2 H 2. (2)
Moreover, according to the predictions of [19], the maximum of NM effect has to correspond to the
maximum of magnetic susceptibility χ(Т) in the vicinity of Neel temperature TN. 
When applying the approach of [19] to the Ce-based heavy fermion systems it is necessary to
take into account the nanosized magnetic domains (spin-polaron complexes) formed near the Ce-sites
that has been recently established for CeAl2 from the results of precision transport measurements [16].
In our opinion, the estimated values of localization radius of spin-polaron states (ap≈6÷16Å  [16]) are
comparable to the typical spatial size dscm of charge carrier’ magnetic scattering which is in order of the
lattice constant of crystal structure - dscm ≈ a ≤ a p≈ 10 Å. Moreover, along with the main component
Μloc for Ce-based heavy fermion compounds with magnetic ordering an additional contribution to local
magnetization mloc in combination with respective internal magnetic field Hint should appear in the
vicinity of 4f-centers in metallic matrix. For example,  the value of Hint ≈75 kOe was estimated for
antiferromagnetic heavy fermion compound CeAl2 from the analysis of low temperature polarized
neutron diffraction in [30-32]. The similar value of Hint ≈ 79±2 kOe was also found in [33] from the
analysis of CeAl2 magnetostriction at helium temperatures. Thus, anticipating the results of
magnetoresistance measurements and their analysis within (1)-(2) relations in Ce-based compounds
8with heavy fermions, the most complicated behavior ∆ρ/ρ=f(H,T) should be expected in the case of
magnetically ordered cerium intermetallides.
Turning to the analysis of experimental results, it should be mentioned that the interpretation of
the data of Fig.2-4 in terms of relations (1)-(2) allows to estimate the local magnetization Μloc(Т,Н) in
the immediate vicinity of Ce-centers in these SCES. According to (2), the numerical differentiation of
magnetoresistance data (see, e.g., d(∆ρ/ρ)/dH=f(H,T0) curves in Fig.5a and 5b for CeCu5.9Au0.1 and
Ce(Al0.95Co0.05)2 respectively) immediately results to the family of χloc(H,T0) ≡(1/H⋅d(∆ρ/ρ)/dH)1/2
curves for all the intermetallides under investigation. Fig. 6-8 present the calculated values of χloc(H,T0)
for non-magnetic compounds with heavy fermions CeCu6 and CeAl3 (Fig.6), systems with the so-called
“non-Fermi-liquid” or quantum critical behavior CeCu5.9Au0.1 and CeCu5.8Au0.2 (Fig.7) and magnetic
solid solutions Ce(Al0.95Co0.05)2 and Ce(Al0.95Ni0.05)2 (Fig.8). As shown in Figs.6-8, the analysis of
asymptotic behavior of χloc(H,T0) provides rather rough estimation for saturation field HS of local
magnetization in the systems under investigation. Thus, for all CeCu6-xAux compounds in the interval
0≤x≤0.2 the value of HS is equal 180±20 kOe, for CeAl3 HS =200±20 kOe, and for substitutional solid
solutions Ce(Al0.95M0.05)2 (M- Co,Ni) saturation field HS is 150±20 kOe (see Figs. 6-8).
It should be point out that the phase diagram for CeCu6-xAux system with quantum critical point
at х ≈ 0.1 (CeCu5.9Au0.1, see upper panel in Fig.9) seems to be evidently established at present by
numerous experimental methods (see [14-15, 34], and review article [35]). In this connection, a
quantitative comparison of χloc(H,T0≤2К) results for different CeCu6-xAux compounds (Fig. 6-7) leads to
the conclusion about the “reduction of magnetism” in the vicinity of quantum critical point (QCP in
Fig.9). Figure 10 shows the temperature dependences χloc(T,H→0) for non-magnetic systems with
heavy fermions CeCu6-xAux 0≤x≤0.2 and CeAl3, which were deduced directly from the low magnetic
field data of Fig.6-7 (see also presentation χloc-1(T) for CeCu6-xAux on the inset in Fig.10a). The χloc(T)
behavior for CeCu6 is in good agreement with the results of magnetic susceptibility measurement of [36]
(see Fig. 10b). Moreover, a deviation of both local χloc(T) and bulk χ(T) susceptibilities from the Curie-
Weiss type dependence
χloc(T,H→0)= C/(T+Θp) (3),
9observed in T<8K temperature range (Fig.10b), seems to be associated with additional magnetic
contribution into magnetic susceptibility of CeCu6. A similar behavior of the χloc(T,H→0) parameter is
also observed in CeAl3 compound (see Fig.10c where the original data are compared to bulk magnetic
susceptibility measurements taken from [37]). Besides, the value of paramagnetic Curie temperature
Θр≈-4.1±0.1К found for CeCu6 in the interval Т≥8К stays almost constant for all studied solid solutions
with x from 0 to 0.2 in CeCu6-xAux family (see inset in Fig.10a).
Following to the approach of (1)-(2) the magnetoresistance data (Fig. 2-4) are directly
connected to the local magnetization behaviour Mloc∼(-∆ρ/ρ)1/2. Therefore it is possible to estimate
relative temperature changes of effective magnetic moment µeff(T)/µeff(16K)=(C(T)/C(16K))1/2 when
assuming Θp value to be constant and using the relation 
Mloc≈ χloc(0)H = C(Т)Н/(T+Θp) (4) 
for low magnetic fields interval. A rather good scaling of experimental curves in (-∆ρ/ρ)1/2=
C(Т)Н/(T+Θp) presentation for various temperatures Т0 (Fig.11) proves the correctness of the procedure
giving the dependence of µeff(T)/µeff(16K) (see inset in Fig.11). The significant increase (∼20%) of the
value µeff(T) in CeCu6 in temperature range Т≤10К does not have any explanation within the Kondo-
lattice model. In fact, at lower temperatures the decrease of effective magnetic moment value on Ce-
sites should be expected in the vicinity of Kondo temperature ТК (ТК(CeCu6)≈6K [38]) due to
“switching on” of the LMM Kondo-compensation mechanism. On the other hand, the appearance of
new magnetic contribution to χloc(0) for CeCu6-xAux compounds at Т≤10К has a rather simple and
natural explanation within spin-polaron approach [16] considering low temperature transformation of
heavy fermions (spin polarons) into nanosized magnetic domains with an onset of coherent regime of
spin fluctuations in the vicinity of Ce-centers.
As an alternative to the above scaling of the magnetoresistance data using Eq. (4) with
Θp=const (Fig.11), the appearance of the additional magnetic contribution to χ(Т) can be described in
terms of a variation of exchange field. In fact, the scaling of the magnetoresistance data with the help of
the expression 
(-∆ρ/ρ)1/2= const⋅Н/(T+Θp(T)) (5)
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(see Fig.12) describes the local magnetization behavior with equally good accuracy for both CeCu6
compound and its substitutional solid solutions CeCu6-xAux with x=0.1 and 0.2. The Θp(T) dependence
resulting from Eq.(5) is presented in the inset in Fig.12. As shown in Fig.12, the quantum critical point
x=0.1 is marked both by a drop of the normalized effective magnetic moment µeff(T)/µeff(16K) as
deduced from the low field slope of the (-∆ρ/ρ)1/2= f(Н/(T+Θp(T))) dependencies and by a significant
decrease of Θp(T) parameter which determines the intensity of RККI indirect exchange between LMM
on Се-sites (see dependencies of µeff(х) and Θp(х)  in Fig.9). At the same time, at temperatures below 2K
for CeCu6-xAux compounds with x=0.1 and 0.2 in the immediate vicinity of quantum critical point (QCP
in Fig.9), one can observe significant deviations from the dependence (5) (Fig. 12). In our opinion, it
may be explained in terms of abrupt changes in the character of quasi-particle interactions in the nearest
neighborhood of QCP in these systems with strong electron correlations. 
For CeAl3 the scaling of Eq.(4) leads to Θр≈-1.8±0.3К and, at temperatures below 7K, the
normalized effective magnetic moment increase becomes comparable (∼20%) to that one found for
CeCu6. Note that in the case of CeAl3 the proximity of the first excited doublet of Ce3+ 2F5/2-state to the
main one (crystal field splitting ∆1≈ 50K [39]) seems to be the reason of a significant quality
degradation of magnetoresistance data scaling within relations (4) and (5).
When discussing the magnetoresistance data for magnetic compounds with Laves phase
structure Ce(Al1-xMx)2 (x=0 and 0.05, M=Co, Ni) note that these cerium intermetallides, having a
magnetically ordered state at low temperatures, are characterized by appearing of additional features on
field dependencies χloc(H,T0)  in the vicinity of Hm ≈ 11÷14 kOe (see, e.g., curves for Т≤9К on Fig.8a).
In our opinion, to perform correctly a quantitative analysis of magnetoresistance data for these magnetic
compounds within Eq. (1)-(2) it is necessary to separate a corresponding NM component, quadratic in
low magnetic fields (-∆ρ/ρ ∼Н2, “Brillouin” contribution according to the terminology in [19]). The
separation of contributions can be performed within the procedure where the derivative dependencies
d(∆ρ/ρ)/dH= f(H,T0) are fitted by the linear dependence in the range of low magnetic fields H≤Hm ≈
11÷14 kOe (see, e.g., Fig. 5b). In this approach the slope of linear fits of d(∆ρ/ρ)/dH= f(H,T0)
determines χloc(0) parameter, whereas the cutoff on the ordinate axis (parameter A in Fig. 5b)
corresponds to the additional linear (-∆ρ/ρ ≈АН) contribution to the magnetoresistance of magnetic
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cerium intermetallides. Within this procedure, the experimental data of ∆ρ/ρ are divided into three
components: (i) “Brillouin” contribution -∆ρ/ρ∼Н2, (ii) linear term -∆ρ/ρ ≈АН and (iii) low-field
“magnetic” contribution ∆ρ/ρ|mag, obtained by the subtraction of the first two terms from the
experimental curve (Fig. 13). Two families of curves χloc(H,T0) for CeAl2 and Ce(Al0.95Co0.05)2, derived
from “Brillouin” magnetoresistance data within the offered procedure, are shown in Fig.14a and 14b
respectively. Additionally, Fig.15 shows the low-field positive “magnetic” contributions to
magnetoresistance ∆ρ/ρ|mag for cerium intermetallides Ce(Al0.95Co0.05)2 and Ce(Al0.95Ni0.05)2 which seem
to characterize the magnetization process and the changes of magnetic sub-structure with the increase of
magnetic field in the interval Н ≤ 14kOe. This positive “magnetic” contribution to magnetoresistance
appears for Ce(Al0.95М0.05)2 compounds at temperatures T<Т*≈15К and saturates at Н≈Нm≈11÷14 kOe,
whereas its amplitude reaches the maximum value at Т≈4÷6К (see Fig.16а).
To describe all these components in magnetoresistance ∆ρ/ρ of magnetic Laves phases
Ce(Al0.95М0.05)2, the relations (1)-(2) have to be expanded to include several additive components in
magnetization <M>. A rather good quantitative description can be derived within relation: 
-∆ρ/ρ=β(Μloc+mloc)2 (6). 
The additional term mloc in the right part of (6) corresponds to a small ferromagnetic contribution to the
magnetization from nanosize magnetic domains appearing in the Laves phase matrix at temperatures
T<T*. Within this approach the positive contribution to ∆ρ/ρ  (Fig.15) should result from the
magnetization of the nanosize ferromagnetic domains. In this scenario the decrease of the ∆ρ/ρ|mag
amplitude at T<3K (Fig.16a) seems to be due to an onset of the interaction between the magnetic
nanoregions and a transition to long range magnetic ordering in Ce(Al0.95М0.05)2 intermetallic
compounds.
At low magnetic fields expression (6) can be rewritten as:
-∆ρ/ρ ≈ β χloc 2 H 2+2β χloc mloc H +β mloc2 (7).
From the comparison between the coefficients in (7) and the amplitudes of negative “Brillouin”, linear
and positive “magnetic” contributions to magnetoresistance (see, e.g., Fig.13a and Figs.15-16) a
conclusion can be drawn in favor of the proprietary use of relations (6)-(7). However, the summing rule
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of vectors Μloc and mloc, which determine the magnetoresistance behavior, should be further
investigated in details.
Note that both negative linear and positive “magnetic" contributions appear due to the small
ferromagnetic component mloc(Т) in local magnetization (see. (6)-(7)) that is proved by the comparison
of temperature dependences of these contributions to magnetoresistance (see Fig. 16). Besides, the
metamagnetic transition (see, e.g., Fig.8а), which has been detected in magnetic field Н≈Нm≈11÷14 kOe
at Т<10K exclusively within the analysis of the ∆ρ/ρ|mag contribution, should be treated as a feature of
the mloc(Т,Н) field dependence, corresponding to the magnetization process of ferromagnetic
nanodomains. 
As it was suggested before, the behavior of the contributions to magnetoresistance for magnetic
compound CeAl2 in a wide vicinity of Neel temperature TN≈3.85K (2К<T<5K) appears to be
significantly more complicated then that of the other Ce-based intermetallides. At particular, a linear
(∆ρ/ρ ≈АН) positive component 2βχlocmlocН and sign-reversal component ∆ρ/ρ|mag, which corresponds
to the variation of mloc(T, H) and saturates in magnetic fields Н≈Нm≈11÷14 kOe (Fig. 13b), have been
also detected in addition to the main Brillouin NM contribution. The temperature dependencies of the
specified contributions to magnetoresistance of CeAl2 (fig. 17) shows that the coefficient at linear
contribution 2βχlocmloc is nonmonotonous by depends on temperature (Fig.17b), whereas the magnetic
contribution ∆ρ/ρ|mag =f(T,H) demonstrates the sign inversion in vicinity of Т ≈ 3К (see also Fig.18).
Apparently, this complicated temperature variation of linear and magnetic components in the
magnetoresistance of magnetic Laves phase CeAl2 may be connected with a noticeable transformatoin
of magnetic structure at temperature 2-5K. 
It should be mentioned that the conclusion about the incommensurate sine-modulated structure
(KI – type) of antiferromagnetic phase in CeAl2 made in [30] has been frequently discussed and
criticized during recent decades. As an example, on the basis of neutron diffraction data measured on
the single crystals of CeAl2 authors of [40] have concluded in favour of complicated
antiferromagnetically modulated (AFM) state corresponding to the magnetic structure with three-
component wave vector k ( KIII – type) and 24-component order parameter (see also [41]). Later,
authors of [42-43] presented arguments proving the origin of the CeAl2 magnetic structure as double
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elliptical spiral where the magnetic moments in two fcc Ce-sublattices are rotated in opposite directions.
In this structure the magnitude of the magnetic moments varies slightly from site to site along every
component of the spiral (KII– type of magnetic structure). The variation in absolute value of Ce3+ LMM
along the spirals (so-called magnetic structure modulation), which is about 30% in the vicinity of TN
[43], seems to be due to Kondo-compensation mechanism. 
During last decade the magnetic structure of CeAl2 has been studied intensively with the help of
µSR-spectroscopy technique [28, 44-45]. However, there is a substantial discrepancy in the results and
conclusions of these investigations. One of the main reasons impeding the research of CeAl2 magnetic
ground state, according to [28, 33, 46-47], might be a dependence of the transition temperature TN and
of the long range magnetic ordering peculiarities on the inner local tensions and on the low concentrated
impurities in the investigated samples. These factors lead both to the dispersion of Neel temperature
value in the interval TN = 3.4÷3.9 K [28], and, according to [46], to the realization of two magnetic
phase transitions with close values of TN, which result in the above mentioned problems in the
interpretation of magnetic structure and features of Н-Т diagram in this compound. Recently, on the
basis of the results of high precision charge transport measurements, it was shown that two magnetic
phase transitions are really observed at temperatures TN = 3.85 K and TN1 =3K [21]. Moreover, the Hall
coefficient anomalies found in [21] prove the conclusions of [14, 48-49] about the existence of
ferromagnetic correlations in CeAl2 matrix at temperatures TN ≤ T ≤ 12K.
Returning to the analysis of the magnetoresistance contributions in CeAl2, it should be noted
that the anomalies of magnetostriction and thermal expansion, observed in this compound at
temperatures 2-5K in magnetic fields up to 15kOe [50-51] were interpreted by the authors in terms of
changes of the antiferromagnetic domains polarization with a reorientation of the Ce3+ LMM along the
directions perpendicular to magnetic field H. However, taking into account the results of the present
analysis of the magnetic contribution to magnetoresistance ∆ρ/ρ|mag, more reasonable explanation can
be given from the consideration of the magnetization process in the ferromagnetic nanodomains. In this
scenario the nanodomains, which are formed in CeAl2 matrix in coherent regime of fast spin
fluctuations near the Ce-sites, are responsible for the emergence of the small mloc(T, H) saturated in
magnetic fields H~12-14kOe magnetization component and, as a result, for an enhancement of
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magnetic scattering ∆ρ/ρ|mag~ mloc2 of charge carriers on these nanosize magnetic inhomogeneities.
Thus, the appearance of nanosize ferromagnetic domains in the vicinity of Ce-sites can be considered as
the reason for µeff  to exceed the maximum value of magnetic moment of Се3+ ion ground state (Г7-
doublet), observed in [49] at Т ≤5К. It should be also pointed out that a complicated temperature
behavior of contributions ∆ρ/ρ|mag(Н,Т) and ∆ρ/ρ≈А(Т)Н (see Fig. 17а and 17b) is directly connected to
the magnetic phase transitions in CeAl2 compound. As can be clearly seen from Fig.17, the inflection
point of curves presented in Fig.17 corresponds to Neel temperature TN≈ 3.85K, whereas features can be
also observed at temperatures TN*≈ 3.5K and TN1≈ 3K. It is worth to note, that TN*≈ 3.5K is usually
associated with the anomalies in thermal capacity and thermal expansion [46], as well as with the
features of the NQR characteristics [47] for CeAl2 polycrystals at magnetic phase transition
temperature. Besides, from the data of Fig. 17 one can conclude in favour of “correlated” behaviour of
magnetic ∆ρ/ρ|mag(Н,Т) and linear ∆ρ/ρ≈А(Т)Н components in magnetoresistance in the temperature
range of 3-5К. 
However, for a detailed investigation of the nature of magnetic and linear contributions to
magnetoresistance of this and others magnetic cerium intermetallides the detailed  magnetic and
transport characteristics measurements should be carried out on the single crystalline samples of these
SCES.
It was shown in present study that the magnitude of magnetoresistance for all investigated
SCES (Figs. 2-4) is basically determined by negative quadratic (~H2) term in ∆ρ/ρ (“Brillouin” in terms
of [19]). So, the analysis of this contribution to NM  will be also presented below  for Ce(Al1-xMx)2
magnetic Laves phases. The data of Fig.19 present the temperature dependencies of χloc(T) and χloc-1(T)
parameters for all three studied magnetic compounds Ce(Al1-xMx)2 . As shown in Fig.19, a significant
deviation of magnetic susceptibility from Curie-Weiss law (3) (dashed line in Fig.19) is observed for
CeAl2 in the vicinity of T*≈12K. Note that the interval T<T* is characterized by appearance of a short
range ferromagnetic correlations in the Ce-based Laves phase matrix [14, 48-49]. Similar behavior
connected with a partial depression of the paramagnetic response has been also found below T*≈15K in
Ce(Al0.95M0.05)2 (M-Co,Ni) compounds (Fig. 19). As a result, the Curie-Weiss behavior (3), which is
characterized by the positive values of paramagnetic Curie temperature θр(CeAl2)≈3.8K and
15
θр(Ce(Al0.95M0.05)2)≈3.2÷3.5K at T>T*, is changed to slower variation of χloc(T) parameter in the range
T<T*. The anomaly of χloc(T) in CeAl2 observed at Neel temperature TN≈ 3.85K is comparable with the
behavior of a bulk magnetic susceptibility χ(T) in this compound [48] (see Fig. 19). Similar to the case
of CeCu6 and CeAl3 (Figs. 10b и 10c), χloc(T) and χ(T) in paramagnetic phase (Т≥5К) are practically
matched each other in CeAl2, whereas significant differences between these susceptibility dependencies
are observed in the vicinity of Neel temperature (2K≤TN<5K) (see Fig.19а). In our point of view, these
differences in χloc(T) and χ(T) should be attributed to the features of charge carrier scattering on the
magnetic structure inhomogeneities, that evidently appear in the metallic matrix at temperatures near the
magnetic phase transition.
Concerning the results presented in Fig.19, it should be noted that the depression of the
paramagnetic response followed by the substitution of aluminum by cobalt or nickel leads to a
significant decrease of χloc(T) value. Besides, the features near Tm≈9K and 15К are clearly observed on
the dependencies χloc(T) for substitutional solid solutions Ce(Al0.95M0.05)2 (Fig. 19). Moreover, as it was
shown above, for temperature range T<10K the magnetic field dependencies χloc(T0,Н) demonstrate
maximum, corresponding to the metamagnetic transition at Нm≈11÷14 kOe (see, e.g., curves on Fig.8а).
So, the anomaly of χloc(T0,Н→0) at Tm≈9K should be connected with the transition to the coherent
regime of spin fluctuations and to the formation of the nanosize ferromagnetic domains in vicinity of
Ce-sites in CeM2 matrix. 
Finally, the results of scaling, which is analogous to that one performed above for nonmagnetic
SCES CeCu6-xAux and CeAl3 (Figs.11-12), should be also given here for heavy fermions compounds
Ce(Al1-xMx)2. The analysis is based on the scaling of NM curves within the relation (5) with temperature
dependent θр(Т) parameter. The dependencies                        (-∆ρ/ρ)1/2=f(H/(T+θр)), obtained with the
help of proposed scaling procedure, are shown in Fig.20, the deduced θр(Т) temperature dependence
being presented in Fig.21. It should be mentioned, that in paramagnetic phase the curve families (-
∆ρ/ρ)1/2=f(H/(T+θр)) are very similar to each other with close in absolute value local magnetization
Mloc=(-∆ρ/ρ)1/2. At the same time, as Fig.20 shows, the analysis indicate significant degradation of the
scaling quality in the interval of large values H/(T+θр), that, apparently, should be associated with
essential suppression of antiferromagnetic interaction accompanied  by the increase of local
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magnetization in solid solutions (Al0.95M0.05)2 in high magnetic field. Within this approach one can
explain the abrupt increase of Mloc(H/(T+θр)) with magnetic field in CeAl2 (see Fig.20) which observed
at the transition from antiferromagnetic modulated phase to the collinear (М⎪⎪Н) one in this
extraordinary compound.
The analysis of θр(Т) parameter in Ce(Al1-xMx)2 compounds (Fig.21), obtained by
scaling within relation (3), leads to the conclusion that there is a significant variation of quantitative
characteristics of exchange interactions θр(Т) (or µeff(T)) with temperature in these systems. Thereby,
the θр(Т) temperature dependencies also have anomalies in the immediate vicinity of magnetic
transitions at TN and Tm, caused by magnetic structure transformation and associated features of charge
carrier scattering in magnetic intermetallides of cerium. 
5. Conclusion.
The study presents the results of high precision measurements of magnetoresistance for several
cerium intermetallides – nonmagnetic compounds with heavy fermions CeCu6-xAux (х=0, х=0.1, х=0.2),
CeAl3 and magnetic substitutional solid solutions Ce(Al1-xMx)2 (х=0, х=0.05, М-Co, Ni). The
experimental data have been obtained at low temperatures 1.8-30К in magnetic fields up to 70 kOe. The
quantitative analysis allows to separate the contributions to magnetoresistance into the main “Brillouin”
-∆ρ/ρ∼H2, linear ∆ρ/ρ ≈А(Т)Н and magnetic ∆ρ/ρ|mag(Н,Т) components in ∆ρ/ρ as well. The
appearance of the linear and magnetic contributions to magnetoresistance is associated with the
peculiarities of magnetically ordered state at low temperatures and seems to be a characteristic feature
of these Ce-based magnetic heavy fermion compounds. It was also shown that the most complete and
adequate interpretation of magnetoresistance effect in studied intermetallides can be probably obtained
in the frameworks of K. Yosida’s model [19] that considering charge carrier scattering on localized
magnetic moments embedded into metallic matrix. The comparison of the local magnetization and local
susceptibility dependencies, obtained within the relation ∆ρ/ρ∼М2∼χ2Н2, with bulk magnetic
characteristics of Ce-based heavy fermion compounds evidently proves the applicability of the offered
approach to the description of the charge carrier transport in these SCES. The restrictions in application
of the approaches based on Kondo-lattice model to the interpretation of the magnetoresistance of cerium
intermetallides are discussed.
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Fig.1. Temperature dependencies of resistivity ρ(T)  CeCu6-xAux (x=0, 0.1, 0.2) for various
values of magnetic field (Н =0 kOe, 70 kOe) (a) and CeAl3, CeAl2, Ce(Al0.95Ni0.05)2 and
Ce(Al0.95Co0.05)2 (b).
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Fig.2. Field dependencies of magnetoresistance ∆ρ/ρ(H) CeCu6 (a) and CeAl3 (b) for
temperatures 1.8 K ≤ T ≤ 16 K. 
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Fig.3. Field dependencies of magnetoresistance ∆ρ/ρ(H) CeAl2 for temperatures 4.2 K ≤ T ≤ 18
K (a) and 1.9 K ≤ T ≤ 4.2 K (b). The inset presents low magnetic field magnetoresistance ∆ρ/ρ
for CeAl2 in expanded scale (H < 30 kOe).
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Fig.4. Field dependencies of magnetoresistance ∆ρ/ρ(H) Ce(Al0.95Co0.05)2 (a) and
Ce(Al0.95Ni0.05)2 (b) for various temperatures. The insets present the magnetoresistance ∆ρ/ρ in
small magnetic field area (H < 15 kOe).
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Fig.5. Field dependencies of magnetoresistance derivatives d(∆ρ/ρ)/dH  CeCu5.9Au0.1 (a) and
Ce(Al0.95Co0.05)2 (b) in various temperatures. 
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Fig.9. Concentration dependencies of local magnetic susceptibility χloc(H→0,T=2 K)=f(x) and
parameters Θp(T=2 K)(x) and µeff(x)/µ(0) (see text) in CeCu6-xAux. A phase diagram, illustrating
the origin of quantum critical behavior (QC) at transition from paramagnetic (PM) to
antiferromagnetic (AF) metallic phase, is shown in the upper part of the figure. QCP – quantum
critical point.
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Fig.14. Field dependencies of local magnetic susceptibility χloc(H,T0) CeAl2 (a) and
Ce(Al0.95Co0.05)2 (b) for temperatures 1.9 K ≤ T ≤ 23 K.
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Fig.15. Field dependencies of low-field magnetic contribution ∆ρ/ρ|mag=β mloc2 to
magnetoresistance of Ce(Al0.95Co0.05)2 (a) and Ce(Al0.95Ni0.05)2 (b) for temperaturs 2 K ≤ T ≤ 18
K. Values Hm ≈11 kOe for Ce(Al0.95Co0.05)2 (a) and Hm≈12.5 kOe for Ce(Al0.95Ni0.05)2 (b)
correspond to metamagnetic phase transition field.
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Fig.16. Temperature dependencies of the low-field magnetic contribution ∆ρ/ρ|mag=β mloc2 at
H>12.5 kOe (value of saturation) (a) and of the parameter A=2β χloc mloc , corresponding to the
linear contribution ∆ρ/ρ≈АН (b) (see text) to magnetoresistance ∆ρ/ρ of Ce(Al0.95M0.05)2
(M=Co, Ni).
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Fig.17. Temperature dependencies of the low-field magnetic contribution ∆ρ/ρ|mag=β mloc2 at
H>12 kOe (value of saturation) (a) and of the parameter A=2β χloc mloc , corresponding to the
linear contribution ∆ρ/ρ≈АН (b) to magnetoresistance ∆ρ/ρ of CeAl2.
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Fig.18. Field dependencies of low-field magnetic contribution ∆ρ/ρ|mag to magnetoresistance of
CeAl2 for temperaturs 2.1 K ≤ T ≤ 14 K. Hm ≈12 kOe – magnetic field value of metamagnetic
transition.
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Fig.19. Temperature dependencies of local magnetic susceptibility χloc(T,H→0) (left axis) in
comparison to bulk magnetic susceptibility χ(T) [48] (right axis) for CeAl2 (a) and reverse local
magnetic susceptibility χloc-1(T,H→0) of Ce(Al1-xMx)2 (x=0, 0.05; M=Co, Ni) (b). Dotted line
represents Curie-Weiss dependencies χloc-1∼(T+Θp).
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Fig.20. Mloc dependencies of CeAl2 and Ce(Al0.95Co0.05)2 as a function of parameter
H/(T0+Θp(T0)) for temperatures 2.1 K ≤ T ≤ 16 K (see text). 
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Fig.21. Temperature dependencies of Θp(T) parameter for Ce(Al1-xMx)2 (x=0, 0.05; M=Co, Ni)
(see text).
